In this paper, we present our investigations of silicon solar cells and module structures by means of terahertz (THz) imaging and Fourier Transform Infrared (FTIR) spectroscopy. Several types of structures were investigated: anisotropically etched surfaces of monocrystalline silicon wafers, complete commercial solar cells, interconnections of the cells, encapsulation materials, such as polydimethylsiloxane (PDMS) and glass. We demonstrated, how etching time and depth variations of the pyramid-shaped texture influence far-IR local reflectance spectra of the samples; how phase-sensitive imaging and time-domain data can be processed for full 3D characterization of cell and module structures, including layer thicknesses; positions of the surfaces and defects. In addition, applicability of sub-THz radiation to the investigation of module structures including glass is discussed.
Introduction
One of many terahertz (THz) radiation applications is investigation of properties of solar cells and related materials. It was already successfully applied to study the properties of irradiated silicon wafer for space applications [1] , or terahertz pulse generation from the surfaces of chalcopyrite I-III-VI 2 compounds prepared by several different technologies and with variable bias near the surface [2] . Recently, THz-time domain imaging was also applied to study the tab wire soldering defects on silicon solar cells [3] . In this contribution, we report on further characterization possibilities by including encapsulated solar cells and results of anisotropic etching of crystalline silicon.
Results

Measurement setup
Teravil-Ekspla "T-spec" terahertz time-domain spectroscopy (THz-TDS) system was employed for reflectance measurements up to 2 THz in a similar configuration as already described in [3] . Femtosecond laser providing pulses of 760-840 nm wavelength, 50-150 fs pulse duration and 50-150 mW output power at approx 80 MHz pulse repetition rate was used for conductive dipole excitation. Reflectance measurements in shorter wavelengths of far-IR and mid-IR ranges were performed with Nicolet 8700 Fourier transform infrared (FT-IR) spectrometer equipped with deuterated lanthanum triglycine sulfate (DLaTGS) detectors, solid substrate and KBr beamsplitters, specular reflectance accessory and purge gas generator.
THz-TDS and FTIR measurement results for etched crystalline silicon surfaces
Several segments of <100> oriented = 1 cm crystalline silicon (c-Si) wafers were processed in potassium hydroxide (KOH) and isopropyl alcohol (IPA) solution baths of variable concentrations and temperatures. Scanning electron microscope images of two most diverse sample surfaces are presented in Fig. 1 . Sample A ( Fig. 1 (a) ) was anisotropically etched at lowest and sample B ( Fig. 1 (b) ) -at highest temperature and concentrations, listed in the caption of the figure. As one can clearly see from these images, only sub-micron scale surface roughness is obtained on the surface of the sample A, therefore emulating the start of the usual structuring process, while surface of the sample B is already nearly fully with "pyramids" of several micron size, expected near the end of the structuring process. For THz-TDS measurements, samples presented in Fig. 1 and the reference unetched sample were mounted on a compact holder for recording images and related TDS data in the area of approximately 25 × 25 mm 2 . Photograph of the samples and corresponding several recorded THz images are presented in Fig. 2 . Already at 0.58 THz, reflectance differences between samples start to appear, however, finer local differences aren't well pronounced. Localized features are revealed in etched samples at higher frequencies of 1.4 THz and 1.63 THz. At the same time, image of the reference silicon piece remains nearly uniform with slight non-uniformity caused by noise present due to peculiarities of the THz-TDS system. Oscillations of reflectivity, obtained when analyzing data for variable frequencies (Fig. 2 b) , suggest that interference between top and bottom surfaces of the wafer might be the dominant factor determining the reflectance in THz range. At approximately 1.5 THz, wavelength of the radiation is 200 m and is of the same order as the thickness of the wafer. However, if one takes into account the refractive index of silicon and double passage of radiation through the wafer, only removal of approximately 30 m of silicon is needed for a half-wavelength change. This also means that average thickness change of several m can already cause a substantial phase shift between the interfering waves.
Reflectance spectra of etched samples and the reference wafer segment were recorded in far-IR and mid-IR spectral ranges and are presented in Fig. 3 . Several important features can be distinguished when looking at these spectra. First, at short wavelength and high frequency limit specular reflectivity is reduced to several percent in case of more heavily etched sample. This is expected, since the primary purpose of the pyramid texture is to reduce the reflectivity and pyramids are large in comparison with wavelengths at this limit.
Reflectance increases once wavelength substantially exceeds the dimensions of "pyramids" and appearance of Fabry-Perot (FP) oscillations for all samples at the lowest frequencies suggest that structured layer acts as just a layer of interim effective refractive index at this limit. For sample B, transition from one interaction type to another occurs in a vicinity of 10 THz, however, deeper etching reduces the reflectance differences between FP maxima and minima within the entire range down to 3 THz.
These features can be employed for in-line contact-less monitoring of anisotropic etching results. Regularity of FP spectrum and relatively monotonous changes of reflectivity maxima and minima also suggest the possibility that faster phase-sensitive THz imaging systems of the narrower spectral range, such as ones based on frequency multiplier electronic sources [4] and arrays of the detectors can be employed in the future for these applications. 
THz-TDS measurement results for the test structure with module materials
Several test structures were prepared to evaluate the applicability of THz radiation for the inspection purposes in case of modules. One of these structures was selected for the detailed investigation using THz-TDS setup. It consist of standard industrial silicon solar cell piece partially encapsulated with transparent QSIL216 PDMS-based encapsulate sandwiched between two approximately 1 mm thick glass slides (Fig. 4) . Such arrangement brings one compact sample with two distinct areas and several interfaces between materials suitable for comparison within one relatively fast measurement. Selection of materials was motivated by the facts, that glass is de facto standard front material for most of currently produced modules based on c-Si cells and PDMS based encapsulates are frequently used for small scale applications. Of course, one has to take into account the fact that much thicker glasses are used in modules. In addition, absorption coefficient in THz range might depend on the specific production processes of the glasses. These possible issues will be reviewed in more detail in the later part of the paper. THz images, obtained for the module test structure are presented in Fig. 5 . At 0.46 THz, front glass slide becomes sufficiently transparent to THz radiation, different reflectivities of two areas can be observed and PDMS layer edge can be distinguished. Also different reflectivities of solar cell surface and metal contact can be distinguished. At 0.66 THz, complex refractive index of the front glass slide becomes the dominant factor determining the reflectance due to high losses. Furthermore, different refractive indices of the encapsulant material and air manifest themselves in the pulse delay map of THz-TDS data ( Fig. 5(d) ). This delay is increased for the part of the sample immersed into encapsulating material due to higher refractive index in comparison with air-filled void between the glass slide and the silicon solar cell surface.
One of obstacles for direct transition of the principles demonstrated here to the real life industrial environment would be related to the thicknesses of used glass. For our demonstration, 1 mm sample was used. However thicknesses of at least several mm are frequently required for sufficient mechanical strength of the modules. Glasses do absorb THz radiation quite efficiently, especially above 0.5 THz as was demonstrated experimentally, for example in [5] . The same results also confirmed that absorption coefficient increases approximately proportionally to the square of the frequency. This means that increased thickness of the glasses could potentially be compensated by shift from THz-TDS systems to lower frequency phase-sensitive imaging systems in a future work.
Conclusions
Three dimensional characterization of encapsulated module test structures were demonstrated using terahertz time-domain spectroscopy (THz-TDS) systems. It was demonstrated, that THz-TDS data can be reprocessed to assess the delay variations in air and polydimethylsiloxane-based encapsulating materials even below glass layers, partially absorbing THz radiation.
In case of anisotropically etched crystalline silicon structures, contactless and therefore easy to integrate into production lines THz inspection provides reliable means to assess the local average wafer thickness variations and structure depth variations. 
